Aim: Breviscapine isolated from the Chinese herb Erigeron breviscapus (Vant) Hand-Mazz is widely used to treat cardiovascular and cerebrovascular diseases. The aim of this study was to improve the pharmacokinetic profiles of breviscapine using nanostructured lipid carrier based on an ionic complex formation. Methods: Breviscapine nanostructured lipid carrier (Bre-NLC) was prepared using the thin film homogenization method. The morphology of Bre-NLCs was determined using transmission electron microscopy. The mean particle size, polydispersity index, zeta-potential analysis and entrapment efficiency were analized. In vitro release was studied using the dialysis method. In vitro stability was studied in fresh plasma and liver slurry of rats. In vivo pharmacokinetics was analyzed in rats after intravenous injection of a dose equivalent to breviscapine (10 mg/kg). Results: The Bre-NLCs were spherical with a mean particle size of ~170 nm, a zeta potential of ~20 mV and a high entrapment efficiency of ~89%. Compared with a commercially available solution, a substantial decrease in the cumulative release of breviscapine was found for the Bre-NLCs. The NLC has a significantly protective effect against the liver enzyme degradation of breviscapine. After intravenous administration in rats, the Bre-NLCs exhibited a 32 times increase in the AUC 0-t and a 12 times increase in T 1/2 as compared to the commercially available breviscapine solution.
Introduction
Breviscapine, which is a type of flavone drug, can be isolated from the Chinese herb Erigeron breviscapus (Vant) Hand-Mazz. The main active ingredient in breviscapine is scutellarin-7-o-glucuronide ( Figure 1 ) [1] . It has been reported that breviscapine can dilate blood vessels, improve microcirculation, regulate lipid metabolism, reduce platelet aggregation and scavenge oxygen free radicals. Breviscapine has been widely used to treat cardiovascular and cerebrovascular diseases and to protect the kidney and the liver [2, 3] . For these chronic diseases, long term treatment is needed. The oral bioavailability of breviscapine is extremely low, 0.40%±0.19% in beagle dogs and 0.18%±0.15% in rats. Intravenous injection is the most commonly used formulation in clinical treatments. However, the fast metabolize rate, short elimination half-life, short blood residence time and low AUC limit the wide application of breviscapine [4] . Delivery systems have been developed to increase the blood drug concentration and to prolong the circulation time of breviscapine, including multivesicular liposomes [5] , unilamellar vesicles [6] and polymeric nanoparticles [7] . Despite their great success, there are some limitations to these systems. The lipo- some components are biocompatible, but the manufacturing process is complex and has a high cost [8] . The safety of polymers is a big concern, and there are very few polymers that have been approved for injection in clinics [9, 10] . Multivesicular liposomes (MVLs), which have a complicated manufacturing process, can only be used for parenteral administration rather than intravenous [11, 12] . Most importantly, even though there was an increase in the AUC for these systems, there was no significant prolongation of the circulation time. A satisfactory system that could exhibit a good pharmacokinetic profile has not been found in the field of colloidal particle delivery systems for breviscapine. Therefore, a breviscapine delivery system with low toxicity, an easy manufacturing process and an improved pharmacokinetic profile is needed.
Nanostructured lipid carriers (NLC) that are developed from solid lipid nanoparticles (SLN) are mainly composed of biocompatible solid lipid matrices (phospholipids) and liquid lipids (oils). These carriers are natural products with good biocompatibility, low toxicity and low cost. Additionally, the manufacturing of NLC can easily be scaled up from the lab to large industry [13] . Most importantly, NLC can entrap lipophilic drugs in the lipid phase, thus providing a slow release of the drug. Insoluble drug-lipid conjugate bulks have been prepared for the incorporation of drugs [14, 15] . Additionally, the lipids around the drugs might protect the drugs from oxidation, hydrolysis and enzymatic degradation. Generally, NLC can increase the drug stability and provide a sustained release, which might prolong the drug circulation time and improve the therapeutic efficacy.
It is a challenge to encapsulate a poor lipophilic drug in NLC because of the poor compatibility of the matrices. To increase the lipophilicity of breviscapine, octadecylamine was selected as a complexing agent to prepare an ionic complex. Ionic complexes have been widely studied for many years [16] [17] [18] . This complex would change some of the drug properties, including the hydrophilicity/lipophilicity and the drug release rate [19, 20] . Ionic complexes can be generated by a variety of chemical bonds, such as hydrogen bonding, electrostatic interactions [21] and van der Waals bonding [22] . There is an amine group in octadecylamine and a carboxylic acid group in breviscapine. These two groups can form zwitterionic structures. The lipophilicity of breviscapine could thus be increased, facilitating incorporation into NLC.
The objective of this study is to develop a novel breviscapine-nanostructured lipid carrier (Bre-NLC) to improve the pharmacokinetic profiles of breviscapine, including a prolonged circulation time and an increased AUC. To the best of our knowledge, a long circulating Bre-NLC has not yet been reported. It is anticipated that this study can offer not only a new method for preparing a breviscapine-loaded NLC with a high drug entrapment efficiency but also offer sustained release in vivo.
Materials and methods

Materials
Breviscapine (which contained scutellarin 95%-105%) was provided by Jiexiang Herb Co, Ltd (Chengdu, China). Egg yolk lecithin 80 (E80) was supplied by Lipoid Co, Ltd (Ludwigshafen, Germany). Medium-chain fatty acid esters (MCT) were purchased from Tieling Beiya Pharmaceutical Oil Co, Ltd (Tieling, China). Octadecylamine (ODA) was offered by Shengke (Shengke Chemical Co, Ltd, Jining, China). All other chemicals were purchased from Kermel Co, Ltd (Tianjin, China). Ethanol and dichloromethane were analytical grade. Methanol and acetonitrile were HPLC grade. Male Wistar rats (200±20 g) were purchased from the Experimental Animal Center of Sichuan University for a pharmacokinetic study.
Analysis method
The concentration of breviscapine was determined for an in vitro study by a UV detector (Waters, USA). The analysis of breviscapine in plasma was performed using a Shimadzu HPLC system (Kyoto, Japan) and the UV detector equipped with a C18 analytical column (150 mm×4.6 mm, 5 μm). The mobile phase consisted of 0.2% phosphoric acid, acetonitrile and methanol (65/10/25, v/v/v) at a flow rate of 1.0 mL/min [23] .
A processed plasma sample (20 μL) was injected into the analysis system. The effluents were monitored at 335 nm under 35 o C and were quantified by a standard curve.
Preparation of NLC
A Bre-NLC was prepared using a three-step method: the preparation of a phospholipid complex and the formation of an ionic complex and of nanostructured lipid carriers. The procedures are described below.
First, a phospholipid complex was prepared to increase the compatibility of breviscapine with octadecylamine. Breviscapine (2-5 mg/mL) and lecithin were placed into 100% ethanol with a mass ratio of 1:3. The system was kept under constant stirring for approximately 1.5 h at 50 o C. The ethanol was then removed by rotary evaporation (Büchi Rotavapor R-3; Büchi, Switzerland).
Second, all of the other excipients, including MCT, ODA and the remaining phospholipid, were added to the phospholipid complex with 10 mL of dichloromethane as a solvent. The mixture was stirred at room temperature until it was completely dissolved. During this process, an ionic complex formed. The negatively charged carboxylic acid group in breviscapine and the positively charged ammonium group in ODA effectively formed an ionic complex in a gentle environment. Within the organic solvent, the ionic complexes were incorporated into a lipid matrix. Afterwards, dichloromethane was removed at room temperature, and the ionic complex was obtained.
Third, nanoparticles were prepared using the thin film homogenization method [24] . Water, 10 mL, was added to dissolve the membrane. The mixture was then high-pressure homogenized to obtain uniform NLC.
Formulation optimization
The NLC formulation was optimized by an orthogonal design, which is widely used for formulation screening and optimiza- npg tion [25, 26] . The researched factors included breviscapine, E80, MCT and ODA. Nine combinations with different concentrations were prepared according to the orthogonal design ( Table 1 ). The factors with fixed ratios were made into NLC using the method described above. The polydispersity index (PDI) and the average size of each sample were determined by a Malvern Nano-ZS90 laser particle size analyzer (Nano-ZS, Malvern Instruments Co, Ltd, Malvern, Worcestershire, UK). All measurements were performed in triplicate.
Encapsulation efficiency
Ultrafiltration was used to measure the entrapment efficiency [27] . Briefly, 0.6 mL of an undiluted sample was placed in the inner chamber of a centrifuge tube that was matched with an ultrafilter (molecular weight cutoff of 300 kDa). The nanosuspension was then centrifuged at 3300×g for 90 min at 4 o C. The encapsulated breviscapine remained in the inner chamber, whereas the unloaded breviscapine moved to the outer chamber through the filter membrane. The drug content was determined using an UV assay. The average entrapment efficiency was calculated from three measurements using the following equation:
EE%=(1-free drug/total drug)×100%
Particle size
The particle size and polydispersity index (PDI) were measured by the Malvern Nano-ZS90 laser particle size analyzer at 25 o C. Prior to size analysis, the sample was diluted with distilled water 20-fold. The index of refraction was 1.330. For the zeta potential (ζ) analysis, the sample was used in its original concentration, ie, without dilution.
Transmission electron microscopy (TEM)
The morphology of the Bre-NLC was determined by TEM. The nanoparticle suspension was diluted three times with distilled water. The diluted suspension, 20 μL, was dropped onto carbon-coated polyester-fiber-supported copper grids. The absorption process lasted for approximately 10 min. The nanoparticles were then negatively stained with 1% sodium phosphotungstate for 5 min. After the excess solution was removed by a filter paper, the copper grid was placed in the TEM for examination.
In vitro release study An in vitro release study was completed using the dialysis method. A Bre-NLC suspension or a commercial drug solution, 1 mL, was sealed in a dialysis bag (8000-14000 Mw). The release medium was 4 mL of pH 7.4 phosphate buffer (PBS) containing EDTA-2Na (2.0 g/L). The dialysis process was performed in a 10 mL EP tube, which was kept in an air bath at 100 r/min and 37 o C. At programmed times, all of the dialysis medium was removed and another 4 mL of fresh release medium were added to maintain the sink condition. The drug concentration in the outer medium was determined by the UV detector, and the in vitro release curve of the cumulative drug was determined at different times. The drug that was released from the NLC was plotted using six model-dependent approaches (zero order, first order, Higuchi's kinetics, HixsonCrowell, Weibull and Korsmeyer-Peppas) to evaluate the drug release mechanism.
In vitro stability in plasma and a liver slurry To investigate the stability of breviscapine in a physiological environment, an in vitro stability study was conducted in fresh plasma and in the liver slurry of male Wistar rats. The plasma was diluted with saline to 67% at 37 o C, and the uniform liver slurry was homogenized with saline under an ice-bath condition. The Bre-NLC or the Bre-solution (200 µL each) was added to the plasma or the liver slurry (3800 µL each) at 37 o C. At predetermined times, 100 µL of the samples were taken from the incubation mixture and were processed immediately. All of the experiments were conducted in triplicate.
The processing method of the sample was adapted from the literature [28] . A 2 mol/L phosphoric acid solution, 20 μL, was added to the plasma or liver slurry samples (100 μL). The sample was vortexed at room temperature for 2 min. Then, 500 μL of methanol was added and vortexed for another 5 min. After centrifugation at 18 000×g for 10 min, 20 μL of the supernatant were directly injected into the HPLC column for analysis.
Pharmacokinetic study
All of the animal procedures were approved by the Institute Laboratory Animal guidelines of Sichuan University in China. Prior to the experiment, the animals were fasted but had free access to water for 12 h. The rats were randomly divided into 2 groups with 5 animals per group and were given either the commercial drug solution or the NLC via their tail vein with a dose equivalent to 10 mg/kg breviscapine [7] . Approximately 0.3 mL blood samples were collected at predetermined time intervals and were centrifuged at 2300×g for 10 min to obtain 100 μL samples. These samples were processed as described above and analyzed by HPLC. 
Preparation of NLC
This study is the first research that uses an ionic complex to prepare breviscapine NLC. In this study, we developed a novel, economical and reproducible method for preparing NLC (Figure 2 ). It is not easy for breviscapine to form an ionic complex because of its low solubility in dichloromethane. To overcome this problem, a breviscapine-phospholipid complex was first prepared to change the solubility of the drug. The phospholipid complex then formed an ionic complex with octadecylamine. Finally, the preparation could be conducted in dichloromethane at room temperature to form NLC [19, 29, 30] . Ultimately, high-pressure homogenization was used to prepare the NLC. The highlight of this method is that it is applicable to industrial scale-up production.
Optimal formulation
Orthogonal design, which is a classical approach for formulation screening, was used for optimization. This method reduced the number of experiments and acquired the most valuable information. In the present study, three levels were defined for each factor, and four factors were involved in the experiment. A total of nine experiments were conducted in this design. R, which is called the variance, indicates the magnitude of the impact of the factors on the results. As shown in Table 2 , the amount of phospholipid complex played a dominant role in the prescription. K represents the average value for the same factor level. A smaller value indicates that the factor is better at this level. To obtain a better average size and a smaller PDI, which indicates uniform nanoparticles, the optimum design contained 10 mg of breviscapine, 120 mg of E80, 40 mg of MCT and 4 mg of ODA.
Encapsulation efficiency
In our experiment, the ultrafiltration method was used to study the entrapment efficiency. The interception molecular weight of the ultrafiltration membrane is approximately 300 kDa, and the molecular weight of breviscapine is approximately 462 Da. The free drug could pass through the ultrafiltration membrane, while breviscapine wrapped in the NLC could not. The encapsulation efficiency of the NLC was 88.95%±0.33% (n=3).
The surface nature of NLC research
The zeta potential, mean particle size and PDI of the nanoparticles that were based on the optimized prescription were 19.8 mV, 172 nm and 0.157, respectively, according to the Malvern particle size analyzer. The nanoparticles were uniform with a narrow PDI distribution of less than 0.2. The Bre-NLCs were almost spherical, as shown in the transmission electron microscopy (TEM) image in Figure 3 . According to the TEM image, the mean particle size of the Bre-NLC was uniform and approximately 100 nm.
In vitro release kinetics Breviscapine release was determined by the in vitro dialysis method. Breviscapine release from the nanoparticles was much slower than that in the commercial solution, as shown in Figure 4 . The Bre-NLC exhibited a sustained release over 8 h; subsequently, the release system reached equilibrium. After 48 h, the cumulative drug release was 50.53%±0.25% and 88.56%±1.82% for the nanoparticles and the solution, respec- Table 3 , of the release models, the Hixson-Crowell cube root law (R 2 =0.9795) best fit the description of the drug release mechanism. Therefore, the mechanism of breviscapine release from the NLC was an erosion process.
In vitro stability evaluation
The stability profiles of the Bre-NLC in plasma and in a liver slurry were researched. In comparison, the corresponding concentration-time profiles of the Bre-solution were studied. As shown in Figure 5 , both the breviscapine solution and the NLC were relatively stable for eight hours, and there was no significant difference between them in the plasma. However, the breviscapine in the solution dramatically decreased to approximately 11% within 5 min in the liver slurry and almost completely degraded within 15 min. In contrast, the breviscapine in the NLC was relatively stable with a detectable concentration at the 8-h time point. Figure 6 shows the breviscapine concentration in the blood at different times. The pharmacokinetics parameters were calculated by the DAS program. After injection, the blood level of breviscapine was much higher in the case of the nanoparticles than that in the case of the solution. Breviscapine was still detectable in the plasma after 12 h for the Bre-NLC group, while the drug could not be detected after 1.5 h for the Bre-solution group. The MRT 0-t of the Bre-NLC and commercial drug solutions were 186.927± 16.161 min and 8.297±0.632 min, respectively, and the CL 0-t were 0.579±0. ) . It was clearly revealed that the pharmacokinetics of breviscapine significantly improved when it was delivered through the nanoparticles instead of through the commercial solution.
Pharmacokinetic profiles
Discussion
In recent years, significant efforts have been devoted to developing delivery systems that increase the blood drug concentration and prolong the circulation time of breviscapine. Generally, nanostructured lipid carriers (NLC) can be used as a drug delivery system to improve the pharmacokinetic profiles, although NLC-encapsulated breviscapine has yet to be reported. Breviscapine has a low solubility, either in water or in a lipid, which was a challenge that needed to be overcome in the preparation of NLC. An ionic complex formation between octadecylamine and breviscapine was designed to solve this problem. Using a facile orthogonal design, the optimum prescription was easily obtained.
It has been reported that NLC have good drug-loading capability [31] . The lipophilicity of the drug is closely related to its incorporation [32, 33] . Thus, a high breviscapine encapsulation efficiency was successfully achieved in our study due to the formation of an ionic complex. Octadecylamine has a long fatty chain and an ammonium group. The ammonium group combined with the carboxyl group of breviscapine, while the nonpolar long chain of octadecylamine produced good lipophilicity. Octadecylamine acted as a bridge to link breviscapine with a fat-soluble substance during the formation of the nanoparticles [34] . It was also found that it is difficult to incorporate breviscapine into nanoparticles without octadecylamine. When we tried to prepare nanoparticles without adding octadecylamine, breviscapine easily leaked out, even in the form of a phospholipid complex. This result indicated that the ionic complex played an irreplaceable role in breviscapine encapsulation. The resultant nanoparticles had a positive zeta potential (19.8 mV) , which could be attributed to the octadecylamine with an added ammonium group [35] . It has been demonstrated that nanoparticles with a positive charge are [36] . Additionally, the Malvern Nano-ZS90 laser particle size results showed that the Bre-NLC had a narrow particle dispersion of ~170 nm. However, the TEM image indicated that the nanoparticles were slightly smaller in size, which might be due to the easier adsorption of small particles onto the carbon-coated polyester fibers.
An in vitro release study, which is a routine quality control test, is an important step in the development of a new preparation. Breviscapine release from the Bre-NLC occurred in a very slow manner with a cumulative release of ~50% over 48 h. The Hixson-Crowel model matched the release style (R 2 =0.9795) well. The Hixson-Crowell cube root law indicated that the drug was released from the system by progressive dissolution, in which there is a change in the surface area and diameter of the particles [37] [38] [39] . It was proven that the mechanism of breviscapine release from the NLC was controlled by an erosion process. Without being released from the nanoparticles, it is hard for encapsulated breviscapine to go through the dialysis bag. This sustained release profile also indicated that the drug was encapsulated in the lipid core and that the nanostructure influenced the in vitro release [40] . To speculate on the stability of the Bre-NLC in vivo, the stability profiles of the Bre-NLC and the Bre-solution in plasma and in a liver slurry were investigated, which showed that the stability of breviscapine greatly increased after encapsulation in the NLC when incubated in the liver slurry. β-Glucuronidase, which is highly expressed in the liver, is the main enzyme that is responsible for hydrolyzing a glucuronide conjugate [41] . Breviscapine could be hydrolyzed by β-glucuronidase into aglycone [42, 43] , which would result in a fast decrease in the Bre-solution in the liver. Conversely, breviscapine was encapsulated in the NLC at a sustained rate. Therefore, the NLC could successfully protect breviscapine from enzyme-mediated degradation, resulting in an enhancement of the stability of breviscapine in vivo.
Pharmacokinetic studies were also performed to further understand the characteristics of the Bre-NLC in vivo. The results suggested that the Bre-NLC could remain in circulation in vivo longer than the Bre-solution, resulting in a higher AUC 0-t (32-fold). The following reasons may explain the differences between the two groups. First, it has been proven that colloidal drug carriers that are based on an ionic complex can improve the AUC in vivo [44, 45] . It would be more difficult for a drug to be released in the form of an ionic complex encapsulated in nanoparticles; therefore, the long-circulating effect was enhanced. Second, NLC are stealthy due to their special material and surface properties [12, 46] , so they can escape from the phagocytosis of the reticuloendothelial system. Furthermore, the tight structure of the NLC, which is composed of both solid and liquid lipids, can protect a drug from enzyme degradation before release. Conversely, the Bre-solution rapidly accumulated in the liver after injection and was quickly metabolized, leading to the low AUC of the Bre-solution [7] . Due to the slow release and metabolism rate, the pharmacokinetic profile of the Bre-NLC in vivo was improved.
In summary, octadecylamine facilitated the encapsulation of breviscapine in nanoparticles by forming an ionic complex. The NLC prolonged breviscapine release into the blood and protected breviscapine from enzyme metabolism. The pharmacokinetic parameters showed that the NLC that were based on an ionic complex extended the drug residence time in the circulatory system.
Conclusion
We successfully prepared a breviscapine ionic complex and then incorporated it into NLC using the thin film homogenization method. Characterization proved that the nanoparticles had a spherical shape, a narrow distribution of approximately 170 nm and a high entrapment efficiency. The in vitro release study showed the sustained-release effect of the NLC. The stability experiment indicated that the NLC could protect breviscapine from liver enzyme degradation. There were significant increases in the AUC and half time of the Bre-NLC compared with those of the commercially available Bre-solution.
The increased blood drug concentration and the prolonged circulation time might reduce the administration frequency, thus increasing patient compliance. Therefore, the NLC has great potential for use as a novel sustained release system for breviscapine.
